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We present an X-ray photoemission study of the heavy fermion system CeCue-ajAu^ across the 
magnetic quantum phase transition of this compound at temperatures above the single-ion Kondo 
temperature Tk- In dependence of the Au concentration x we observe a sudden change of the 
/-occupation number n/ and the core-hole potential Udf at the critical concentration x c — 0.1. We 
interpret these findings in the framework of the single-impurity Anderson model. Our results are in 
excellent agreement with findings from earlier UPS measurements and provide further information 
about the precursors of quantum criticality at elevated temperatures. 



PACS numbers: 71.27.+a 71.28.+d 79.60.-i 71.10.-w 
I. INTRODUCTION 

CeCue-zAuz is one of the best characterized heavy- 
fermion (HF) compound*^ 3 -^ exhibiting a quantum 
phase transition (QPT) between a paramagnetic phase 
with full Kondo screening of the Ce 4f moments and 
an antiferromagnetic phase induced by their RKKY 
coupling^ The QPT occurs at a critical Au concentra- 
tion of x — x c = 0.1. Two major scenarios for the QPT 
have been put forward, firstly the Hertz-Millis scenario^ 
where only the (bosonic) magnetic fluctuations become 
critical, leaving the (fermionic) heavy quasiparticles in- 
tact, and secondly the local quantum criticality^ 1 ^ where 
the local Kondo quasiparticles are destroyed by coupling 
to the quantum critical magnetic fluctuations. In the lat- 
ter case the Kondo screening scale, or Kondo temperature 
of the lattice system, T K , vanishes at the quantum crit- 
ical point (QCP). Despite intense efforts it has not been 
possible to unambiguously identify either one scenario in 
CeCu6-xAu x . The difficulty resides in the fact that near 
the QCP many different effects come into play, including 
local Kondo screening, lattice coherence and Fermi vol- 
ume collapse, quantum critical fluctuations, and possible 
dimensional reduction^ii 1 - They have prevented a conclu- 
sive experimental picture as well as a unified theory of the 
QPT. Recently we have presented direct measurements 
of the evolution of the local Kondo screening energy scale 
Tk across the QCP as extracted from high-resolution 
ultraviolet photoemission spectroscopy (UPS)J^ Taking 
impurity spectra clearly above Tk as well as above the 
lattice coherence temperature T co h and the Neel temper- 
ature for magnetic ordering, T/v ( T > {Tr-, T co h, Tjv}), 
made it possible to probe the local energy scale without 
the complications caused by lattice coherence or quantum 
critical fluctuations. The surprising outcome of these in- 
vestigations is that the precursors of the QPT are already 



visible in the single-impurity Tk as extracted from UPS 
spectra at such elevated temperatures. In Ref. [l2[ we de- 
veloped a theory, based on the effective single-impurity 
model realized for temperatures T > T co h, where the 
Kondo exchange coupling J of a Ce site is selfconsistently 
renormalized by the surrounding, identical Ce atoms only 
through the indirect RKKY coupling. The theory ex- 
plains the observed, nontrivial, steplike behavior of Tk 
near the QCP and supports the local critical scenario for 
CeCu6-a;Au x . It also provides a general criterion to dis- 
tinguish experimentally whether a given HF compound 
should exhibit HM or local quantum critical behaviour. 12 
UPS provides the most direct access to the screening 
scale Tk by directly recording the Kondo resonance in the 
local Ce 4/ spectrum ) 13 i 14 but probes a relatively shallow 
surface region only. Therefore we complement here the 
studies of Ref. [12] with bulk-sensitive X-ray photoemis- 
sion spectroscopy (XPS) on the same samples and under 
the same experimental conditions, even though XPS pro- 
vides only rather indirect information about the Ce 4/ 
spectrum and the physics near the Fermi energy Epi 15 ^ 16 
We find that the XPS results are in full agreement with 
the UPS analysis. 



II. SIGNIFICANCE OF CORE-HOLE SPECTRA 

Before we show the experimental results, we briefly re- 
call the energetics of the photoionization process, in order 
to understand the essential structure of the XPS spectra. 
In XPS the Ce 3d spectrum is recorded in the final state 
of the Ce ion after creation of a 3d core hole. The binding 
energy of a 3d electron is influenced by the electrostatic 
attraction —Udf between the 3d core hole and a 4/ elec- 
tron and, hence, depends on the number of electrons n 
in the 4/ shell. Therefore, the 3d peak of the XPS spec- 
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trum is split into individual resonances, each one corre- 
sponding to a different charge state of the 4/ shell, the 
so-called f n resonances, with n = 0, 1, 2. In addition, 
there is a Coulomb repulsion Uff between two electrons 

in the 4/ shell. The peak position (binding energy E^) 
of the f n resonance is the energy difference between the 
charge configuration in the photoionized final state and 
in the groundstate. Hence, it is roughly given by, up to 
conduction electron screening corrections, 

4 n) = 4 0) - n U df + i(n 2 - n) U ff . (1) 

Note that the attractive core hole potential — Udf changes 
the whole level scheme.— In particular, in the photoion- 
ized state the 4/ 2 configuration becomes occupied (see 
Fig. [JJ , even though in the Ce groundstate it is shifted 
far above the Fermi energy by the repulsion Uff. The 
quantitative fit of Udf and Uff (see below) shows that 

the binding energy of the 4/° configuration, E^' , is the 
largest. The spectral weight of the f° XPS peak is pro- 
portional to the Kondo resonance of the Ce 4/ spectrum, 
since in CeCug-zAua; most of the Kondo peak weight is 
located above Ep^ and thus represents the unoccupied 
configuration of the 4/ shell. 
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FIG. 1: (color online) 3d core-level spectra of CeCue-^Aua; for 
five differnet Au concentrations at T = f 5 K (X-ray energy 
hv = 1486 eV, experimental resolution AE « 2 eV). The 
vertical lines mark the peak positions exhibiting an abrupt 
shift of the f 1 and f 2 resonances from x — 0.1 to x = 0.2. 



IV. DISCUSSION 



III. EXPERIMENTAL RESULTS 

All the measurements were carried out at T = 15 K 
and thus at temperatures far above any long-range or 
quantum critical fluctuations. The experimental setup 
is equipped with a SCIENTA R4000 analyser and a 
monochromatized X-ray source (Al K a line: X-ray enery 
hv = 1486 eV). The pressure in the UHV chamber was 
1 x 10 -10 mbar. Because of the low intensity due to the 
small surface area of the crytals and the rapid detona- 
tion of the surface, the instrumental resolution was set to 
w 2 eV in order to optimize the count rate. The investi- 
gated samples were single crystals grown in a W crucible 
under high-purity Ar atmosphere^ and cleaved in situ 
at the sample position just before the measurement. 

The Ce 3d core-level spectra for all measured com- 
pounds are shown in Fig. [TJ Taking the second derivative 
of each spectrum reveals that each of the broad peaks is 
actually comprised of two resonances. Hence, each spec- 
trum consists of a group of three resonances, termed / , 
f l , and f 2 in Fig. [TJ They are, in addition, duplicated 
due to a spin-orbit splitting of Aso = 18.9 eV. A rough 
analysis already shows that the XPS 3d spectra can be 
divided into two classes, namely for x < 0.1 and x > 0.2, 
respectively, like in the case of the UPS 4/ spectral 
For x < 0.1 the f° peak at Eb ~ 917 eV is clearly visi- 
ble, albeit comparatively weak, while for x > 0.2 the /° 
weight is almost not discernible and vanishes completely 
for x = 1. In addition, for x > 0.2 the f 1 and / 2 peaks are 
shifted by a constant amount of 1.8 eV towards smaller 
binding energy relative to their positions for x < 0.1. 



In order to interpret these XPS results quantita- 
tively, we calculated the Ce 3d spectra using the 
Gunnarson-Schonhammer (GS) theor y 19 ' 20 which is 
based on the single- impurity Anderson model (SIAM). 
From earlier UPS experiments it is know n 12 ' 13 ' 21 that 
the CeCug-xAuz 4/ spectra and their T dependence 
are very well described in the framework of this model 
for elevated temperatures T > Tk, with an RKKY- 
induced renormalization of the local Kondo coupling. 12 
Moreover, the GS theory has been successfully applied 
to interpret XPS, X-ray photoabsorption, inverse pho- 
toemission and valence photoemission spectroscopy on 
other Ce-based compounds, using the same parameter 
set for all measurements ) 22 ' 23 albeit small adjustments 
of parameter values were pointed out to be necessary in 
some casesi 24 ' 25 In our GS calculations for CeCu6-xAu x 
we use, without fitting, the same parameter values of 
the SIAM that were determined earlier from noncrossing 
approximation (NCA) calculations of the UPS 4/ spec- 
tra of the same compounds. 12 That is, the conduction 
band half width and the bare 4/ level are D = 2.8 eV 
and £f = —1.05 eV, respectively. The 4/-level hy- 
bridization had been determined as A = 116 meV for 
x < 0.1 and A = 108 meV for x > 0.2, correspong- 
ing to a reduction of the effective spin exchange coupling 
J = A 2 [l/(-ef) + l/{ef + Uff)}. The XPS 3d spectra in- 
volve the additional interaction parameters Udf and Uff, 
see above. Since the intra-4/-level repulsion Uff will not 
significantly depend on the Au concentration x, we have 
chosen a constant value of Uff = 10.0 eV ^ |e/| (within 
NCA it was assumed to be infinite for simplicity, in or- 
der to suppress 4/ double occupancy). This leaves the 
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core hole potential Udj as the only adjustable parame- 
ter. It determines the final-state energy levels and thus 
the position of the core-level peaks relative to each other 
according to Eq. |T]). To fit the theoretical spectra to 
the experimental results we added to the GS spectra a 
background, accounting phenomcnologically for inelastic 
scattering of the electrons during the XPS process, and 
convoluted the theoretical spectra with a Gaussian, ac- 
counting for the experimental resolution. The fits yield 
U df = 12.5 eV for x < 0.1 and U d} = 13.5 eV for x > 0.2. 
Fig. [5] shows the GS spectra, fitted to the experimental 
data, and the lower panel of Fig. [3] shows a comparisson 
of the unbroadcned GS spectra below and above x c . The 
agreement between theory and experiment is remarkable: 
Both, the relative peak intensities and the shape of the 
spectra are well reproduced by only a single fit parame- 
ter. 

This allows for a detailed interpretation of the ex- 
perimental data. A reduction of A leads to a sig- 
nificant change in the relative weights of the peaks, 
as already shown by Gunnarsson and Schonhammer in 
Refs. [lUll: For A = 108 meV the / 2 -peak is dimin- 
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FIG. 2: (color online) Comparison of the experimental XPS 
data and the theoretical spectra calculated from the GS 
theory . 19 ' 20 The dashed lines represent the inelastic back- 
ground that was added phenomenologically to the theoretical 
spectra. 
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FIG. 3: (color online) The upper left panel shows the weight 
of the /"-configuration as determined from the GS fit. It rep- 
resents a measure of the weight of the Kondo-resonance in 
the 4/ spectrum (see text). The upper right panel shows the 
4/-occupation numbers. In the lower panel the calculated, 
unbroadened GS spectra are shown for CeCue-xAuz, com- 
pounds below and above the quantum critical concentration 
x c - The parameter values used in the calculations are given 
in the text. The vertical lines mark the /°, f 1 , f 2 peaks and 
the SO-shifting for x < x c . 



ished and the /°-peak has almost vanished. Since the 
weight of the /^configuration is a measure of the weigth 
of the Kondo resonance (see above), this means for the 
present CeCue- x Au x system that the spectral weight of 
the Kondo resonance drops abruptly as x is changed from 
x < x c to x > x c , in full agreement with the findings 
of UPS in Ref. [12]. In the left upper panel of Fig. 1 
we show the weight of the /°-configuration as extracted 
from the GS calculations for different x. It shows a signif- 
icant step at x = x c . As a consequence of this collapse of 
the Kondo resonance in the 4/ spectrum above the Fermi 
level, one expects that the spectral weight below Ep and, 
hence, the /-level occupation number rif are increased 
for x > x c by roughly the Kondo spectral weight. As 
an immediate, further consequence the 3d electron bind- 
ing energy should decrease, because the enhancement of 
n f increases the attractive interaction exerted by the 4/ 
electrons on the 3d core hole. 
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Both expectations can be checked from the XPS spec- 
tra. Firstly, the decrease of 3c? binding energy is indeed 
seen in the experimental spectra (Fig. [T]) and in the fit- 
ted theoretical spectra (Fig. [31 lower panel) as the upward 
shift of the f 1 and f 2 peaks for x > 0.2 as compared to 
x < 0.1. It is also reflected by the increase of the fitted 
values of the effective core level potential Udf- Secondly, 
the probability for the 4/ occupancy in the groundstate 
can be extracted from the XPS spectrai 15 ' 16 It is roughly 
given by 



1 i(n+i(n+2i(p) ' 

where I(f n ) is the (unnormalized) spectral weight of the 
/" peak, n = 0, 1, 2, after substraction of the inelastic 
background. Determining n/ directly from the experi- 
mental data is not accurate, since the /"-peaks overlap 
and the determination of the inelastic background of the 
experimental spectra is not trivial. Instead we extract 
the n/-numbers from the fitted GS calculations. These 
include also small deviations from Eq. $2$ which arise 
from the dynamics of the XPS process . 20 ' 22 In the right 
upper panel of Fig. [3] we compare the nj values obtained 
from the GS calculations and from NCA calculations of 
Ref. IT2I Since n f increases with temperature^ it is im- 
portant to note that the NCA values have been calculated 
at the experimental temperature of T = 15 K. Although 
the absolute values of n/ differ for the two calculations 

- probably due to the use of a infinite Uf / within NCA 

- the main features are the same: both data sets exhibit 
a significant, abrupt step of n/ at the critical concentra- 
tion x c for the QPT in CeC^-zAu^, as expected from 
the Kondo resonance collapse observed for x > 0.1. 

V. CONCLUSION 

We have presented data from XPS-measurements at 
elevated temperature on CeCug-rrAua; compounds with 



five different Au concentrations x across the critical con- 
centration x c — 0.1 of the magnetic quantum phase tran- 
sition. With increasing x the 3d core spectra exhibit 
near x — x c an abrupt change with respect to three 
different features, namely (1) a collapse of the f° res- 
onance, signalling a sudden decrease of Kondo screening, 

(2) a step-like increase of the 4/ occupation number and 

(3) a sudden increase of the core hole attraction, evi- 
denced by a shift of the f 1 and / 2 peaks towards smaller 
binding energy. The first feature is in complete agree- 
ment with findings of direct UPS measurements of the 
Kondo resonance in the Ce 4/ spectrum. The features 
(2) and (3) are explained in a natural way as direct conse- 
quences of the Kondo resonance collapse. Therefore, the 
present measurements strongly support that the Kondo 
resonance collapse observed at the QPT by UPS^ is not 
a surface effect but an effect of the bulk CeCus-aWu^ 
compounds, since it is seen by the bulk-sensitive XPS as 
well. The analysis of the spectra using the Gunnarson- 
Schonhammer theor y 19 ' 20 , supported by NCA calcula- 
tions, further indicates that the spectra taken at temper- 
atures above the single-impurity Kondo temperature Tk 
and above the lattice coherence and Neel temperatures 
T co h, Tn are well described by the single- impurity An- 
derson model, with the spin exchange coupling J renor- 
malized only by RKKY interactions with the surrounding 
Ce impurity moments^ Thus, our results indicate exper- 
imentally that the HM model^ is insufficient to describe 
the QPT in CeCu6_a; Au^ and that at the lowest tempera- 
tures the system should follow the local quantum critical 
scenario as argued in detail in Ref. [ljj 
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